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(57) ABSTRACT

A semiconductor device manufacturing method includes
preparing a wafer having projections formed on a substrate.
The projections project upward from a surface of the sub-
strate and have a height measured from the surface of the
substrate. The method further includes determining an inter-
val distribution representing a distribution of intervals
between neighboring projections and calculating an implan-
tation angle based on the height and the interval distribution.
The implantation angle is an angle between a normal direc-
tion of the substrate and an implantation direction. The
method also includes implanting ions at the calculated
implantation angle.
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METHOD FOR MANUFACTURING
SEMICONDUCTOR DEVICES

TECHNOLOGY FIELD

The disclosure relates to manufacturing semiconductor
devices and, more particularly, to an implantation process
during the manufacture of semiconductor devices.

BACKGROUND

Semiconductor devices are formed on a wafer by subject-
ing the wafer to a manufacturing process. In some scenarios,
semiconductor devices formed on a wafer are identical, i.e.,
they have the same dimensions and same characteristics.
However, modern semiconductor device manufacture pro-
cesses may include tens of, or even hundreds of, process
steps, and process variations may cause device dimension
deviations. The device dimension deviations may lead to
deviations in device characteristics, such as threshold volt-
age, V,, or breakdown voltage. V,,,, of the semiconductor
devices. Such deviations may be even larger when the size
of the wafer increases or the size of the individual semicon-
ductor devices is reduced.

SUMMARY

In accordance with the disclosure, there is provided a
semiconductor device manufacturing method including pre-
paring a wafer having projections formed on a substrate. The
projections project upward from a surface of the substrate
and have a height measured from the surface of the sub-
strate. The method further includes determining an interval
distribution representing a distribution of intervals between
neighboring projections and calculating an implantation
angle based on the height and the interval distribution. The
implantation angle is an angle between a normal direction of
the substrate and an implantation direction. The method also
includes implanting ions at the calculated implantation
angle.

Also in accordance with the disclosure, there is provided
a semiconductor device including a substrate and a plurality
of projections formed on the substrate. The projections
project upward from a surface of the substrate. Intervals
between neighboring projections are different from each
other. The device further includes a plurality of doped
regions formed in the substrate and between the projections.
The doped regions correspond to the intervals and have
different doping levels.

Features and advantages consistent with the disclosure
will be set forth in part in the description which follows, and
in part will be obvious from the description, or may be
learned by practice of the disclosure. Such features and
advantages will be realized and attained by means of the
elements and combinations particularly pointed out in the
appended claims.

It is to be understood that both the foregoing general
description and the following detailed description are exem-
plary and explanatory only and are not restrictive of the
invention, as claimed.

The accompanying drawings, which are incorporated in
and constitute a part of this specification, illustrate several
embodiments of the invention and together with the descrip-
tion, serve to explain the principles of the invention.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 is a perspective view schematically showing a
portion of an exemplary wafer having projections formed on
a substrate.
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FIGS. 2A and 2B are cross-sectional views of different
portions of the wafer in FIG. 1.

FIGS. 3A and 3B schematically illustrate relationships
between a threshold voltage or a breakdown voltage and a
gate length or a gate width of a semiconductor device.

FIG. 4 schematically shows a distribution of the threshold
voltage and the breakdown voltage of semiconductor
devices across a wafer.

FIGS. 5A, 5B, 6A, and 6B are cross-sectional views
schematically showing a semiconductor device manufactur-
ing method according to an exemplary embodiment.

FIGS. 7A and 7B are plan views schematically showing
a portion of wafer undergoing the manufacturing method
shown in FIGS. 5A, 5B, 6A, and 6B.

FIGS. 8A and 8B schematically illustrate effects of meth-
ods according to embodiments of the disclosure on the
dependence of the threshold voltage or the breakdown
voltage on the gate length or the gate width of the semicon-
ductor device.

FIG. 9 schematically illustrates effects of the methods
according to embodiments of the disclosure on the distri-
bution of the threshold voltage or the breakdown voltage of
semiconductor devices on a wafer.

FIGS. 10A and 10B show simulated impurity distribu-
tions in different portions of a wafer after performing a
self-aligned implantation according to an exemplary
embodiment.

FIGS. 11 A and 11B show simulated threshold voltage and
breakdown voltage of devices having different gate lengths.

FIGS. 12A and 12B schematically show a comparison
between vertical doping profiles in projections subjected to
a tilted ion implantation according to embodiments of the
disclosure and in projections subjected to a vertical ion
implantation.

FIG. 13 schematically shows a semiconductor device
according to an exemplary embodiment, illustrating differ-
ent doping levels in regions between pairs of neighboring
projections that have different intervals.

DESCRIPTION OF THE EMBODIMENTS

Embodiments consistent with the disclosure include a
method for manufacturing semiconductor devices.

Hereinafter, embodiments consistent with the disclosure
will be described with reference to the drawings. Wherever
possible, the same reference numbers will be used through-
out the drawings to refer to the same or like parts.

FIG. 1 is a perspective view schematically showing a
portion of an exemplary wafer 100 having projections 102
formed on a substrate 104. The projections 102 are formed
on the substrate 104 at a pitch P. In this example, the
projections 102 are gate structures of semiconductor devices
106. The semiconductor devices 106 may be, for example,
metal-oxide-semiconductor field-effect transistors (MOS-
FETs), charge-trap memory cells such as oxide-nitride-oxide
(ONO) memory cells, or floating gate memory cells. Each of
the semiconductor devices 106 is associated with multiple
dimensional parameters, such as a gate length [, a gate
width W, and a gate height H of the gate structure, i.e., the
projection 102. Due to process variations, dimensional
parameters among the semiconductor devices 106 on the
wafer 100 may be different. For example, FIGS. 2A and 2B
show cross-sectional views of semiconductor devices 106a
and semiconductor devices 1065 formed in different areas of
the wafer 100 that have different gate lengths, .1 and 1.2,
respectively. As a result, characteristics, such as electrical
characteristics (e.g., threshold voltage V,, or breakdown
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voltage V,,,), of the semiconductor devices 106a and those of
the semiconductor devices 1065 may be different.

FIGS. 3A and 3B schematically illustrate relationships
between V,, or V,,, of a semiconductor device and the gate
length L or the gate width W thereof. FIGS. 3A and 3B show,
as examples, scenarios with different doping levels in the
substrate 104, respectively. Under the same doping condi-
tions, a smaller device usually has lower V,, and V,, as
compared to a larger device, and thus the structure design
margin for a smaller device is tight. Therefore, when device
dimension is scaling, the electrical performance of a small
device is sensitive to complex thermal diffusion and process
control. Consequently, a small device has a limited operating
current region that may be affected by a non-uniform doping
profile. For example, a small device in a region having a
high local doping level would have a larger V,, than a small
device in a region having a low local doping level. On the
other hand a large device may have a wider operating current
region to balance the electrical variation introduced by the
non-uniform doping distribution. In FIGS. 3A and 3B, the
horizontal axes represent the gate length L. or the gate width
W, and the vertical axes represent V,,, or V,,,. Therefore, in
FIGS. 3A and 3B, each curve represents four dependence
relationships: the dependence of V,;, on L, the dependence of
V,, on W, the dependence of V,,, on L, and the dependence
of V,, on W.

Specifically, FIG. 3A shows the scenario in which the
doping level in the substrate 104 is relatively low so that a
short-channel effect occurs. On the other hand, FIG. 3B
shows the scenario in which the doping level in the substrate
104 is relatively high so that a reverse short-channel effect
occurs. As shown in FIGS. 3A and 3B, in either of the two
scenarios, both V, and V , may vary greatly among devices
with different gate length L. or gate width W. Therefore, if
semiconductor devices formed on different regions of the
same wafer have different dimensions, such as different gate
lengths as shown in FIGS. 2A and 2B, one or more device
characteristics, such as V,, or V,,, of the semiconductor
devices across the wafer, may be different, causing a device
characteristic distribution, i.e., the device characteristic
across the wafer is not uniform. FIG. 4 schematically shows
an exemplary distribution of V,, or V,. In FIG. 4, the
horizontal axis represents V,, or V,,, and the vertical axis
represents the number of devices that have a certain V,;, or
V,,.- Due to process variations, this distribution may be very
wide.

FIGS. 5A, 5B, 6A, and 6B are cross-sectional views
schematically showing an exemplary method for manufac-
turing semiconductor devices, consistent with embodiments
of the disclosure. As shown in FIGS. 5A and 5B, a wafer 500
has projections 502 formed on a substrate 504. The substrate
504 may be, for example, a semiconductor substrate, such as
a silicon substrate or a silicon-on-insulator substrate. Fur-
ther, the substrate 504 may be doped n-type or p-type. In
some embodiments, the semiconductor devices are transis-
tors and regions of the substrate 504 covered by the projec-
tions 502 correspond to channel regions of the transistors.

The projections 502 formed on the wafer 500 may be
structures formed during the manufacturing process of semi-
conductor devices that are removed or destroyed in a later
stage of the manufacturing process, or may be structures that
remain in the final devices. In some embodiments, the
projections 502 are included in a patterned layer formed of
a single material, for example, a dielectric such as an oxide,
a nitride, or an oxynitride, a semiconductor such as a
mono-crystalline silicon or a polycrystalline silicon, a metal,
or a photoresist. In some embodiments, the projections 502
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are included in a patterned layer formed of at least two types
of materials stacked one on another. The at least two types
of materials may be chosen from, for example, the materials
listed above. In some embodiments, the projections 502 are
gate structures of transistors. The transistors may be, for
example, MOSFETs, charge-trap memory cells such as
ONO memory cells, or floating-gate memory cells.

The projections 502 are formed on the substrate 504 at the
same pitch P and the same height H. FIG. 5A shows a first
area of the wafer 500 where a length of the projections 502
is L1 and an interval between neighboring projections 502 is
X1. FIG. 5B shows a second area of the wafer 500 where a
length of the projections 502 is 1.2 and an interval between
neighboring projections 502 is X2. In this example, L1 is
larger than [.2, and X1 is smaller than X2 due to the
difference in length.

As shown in FIGS. 6A and 6B, an ion implantation is
performed on the wafer 500 shown in FIGS. 5A and 5B by
implanting ions 602 at an implantation angle 8. The implan-
tation angle 6 is an angle between a normal direction
(indicated by dashed lines in FIGS. 6A and 6B) of the of the
substrate 504 and an implantation direction (indicated by
solid arrow lines in FIGS. 6A and 6B) at which the ions 602
are implanted. The ions 602 may be at least one of arsenic
ions, boron ions, antimony ions, nitrogen ions, germanium
ions, carbon ions, or phosphorus ions.

Consistent with embodiments of the disclosure, the
implantation angle 6 is chosen such that in the first area of
the wafer 500 shown in FIGS. 5A and 6A, the ions 602 are
completely blocked by the projections 502, and thus cannot
reach a region of the substrate 504 between the neighboring
projections 502. On the other hand, in the second area of the
wafer 500 shown in FIGS. 5B and 6B, the ions 602 are not
completely blocked by the projections 502, and thus some of
the ions 602 can reach a region of the substrate 504 between
the neighboring projections 502. Such a tilted implantation
consistent with embodiments of the disclosure is also
referred to as a self aligned implantation.

Consistent with embodiments of the disclosure, the
implantation angle 6 is calculated based on the height H of
the projections 502 and an interval distribution representing
a distribution of the intervals between neighboring projec-
tions 502 across the wafer 500. The interval distribution may
contain a series of interval values, such as 90 nm, 94 nm, 94
nm, 100 nm . . . , each of which corresponds to an interval
between two neighboring projections. The interval distribu-
tion may also include a statistic illustrating, for each interval
range, how many pairs of neighboring projections have an
interval that falls in that interval range. For example, 10
pairs of neighboring projections have an interval that falls in
the interval range of 90 nm to 91 nm, 20 pairs of neighboring
projections have an interval that falls in the interval range of
91 nm to 92 nm, etc.

Consistent with embodiments of the disclosure, to deter-
mine the implantation angle 0, a first angle 01 is calculated
based on the height H of the projections 502 and the interval
X1 between neighboring projections 502 in the first area of
the wafer 500, using an equation 81=arctan(X1/H). Simi-
larly, a second angle 02 is calculated based on the height H
of the projections 502 and the interval X2 between neigh-
boring projections 502 in the second area of the wafer 500,
using an equation 02=arctan(X2/H). Thus, the implantation
angle 0 is chosen such that 61<0<62.

In some embodiments, the interval X1 between neighbor-
ing projections 502 in the first area of the wafer 500 is the
smallest interval in the interval distribution. In some
embodiments, the interval X2 between neighboring projec-
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tions 502 in the second area of the wafer 500 is the largest
interval in the interval distribution. In some embodiments,
X1 and X2 are the smallest and the largest intervals,
respectively, in the interval distribution.

The interval distribution may be determined by various
approaches. In some embodiments, after the projections 502
are formed on the substrate 504, a sample strip is cut from
the wafer 500. The intervals between neighboring projec-
tions 502 on the sample strip are measured and an interval
distribution on the sample strip (also referred to as a “sample
interval distribution™) is thus determined. The sample inter-
val distribution is used as the interval distribution across the
entire wafer 500. As one of ordinary skill in the art will now
recognize, as more projections 502 are contained in the
sample strip, the closer the sample interval distribution will
be to the actual interval distribution on the wafer 500.

In some embodiments, historical data are used to deter-
mine the interval distribution on the wafer 500. Intervals on
a wafer (or wafers) that is (are) similar to the wafer 500 and
has (have) projections formed under similar conditions as
those for forming the projections 502, are measured and the
results are stored. An interval distribution thus determined
(also referred to as a “statistical interval distribution™) can be
used as the interval distribution on the wafer 500.

As described above, the ion implantation consistent with
embodiments of the disclosure is a tilted ion implantation.
That is, the ion implantation is not performed along the
normal direction of the substrate 504. The direction of the
ion implantation (also referred to as ion implantation direc-
tion) therefore has two components, i.e., a horizontal direc-
tion component and a vertical direction component. The
horizontal component of the ion implantation direction is
schematically illustrated in the plan views of FIGS. 7A and
7B. The areas shown in FIGS. 7A and 7B may be the same
portion, or different portions, of the water 500. In FIG. 7A,
the ion implantation is performed along a length L direction
of the projections 502 (as shown by the block arrow in FIG.
7A), ie., a plane defined by the normal direction of the
substrate 504 and the implantation direction is parallel to the
length direction of the projections 502. This corresponds to
the scenario shown in the cross-sectional views in FIGS. 5A,
5B, 6A, and 6B. In this scenario, the interval distribution
represents a distribution of intervals between neighboring
projections 502 along the length direction of the projections
502. In some embodiments, the length direction of the
projections 502 corresponds to a bit-line direction of the
wafer 500 and thus the interval distribution represents a
distribution of intervals between neighboring projections
502 along the bit-line direction of the wafer 500.

On the other hand, in FIG. 7B, the ion implantation is
performed along a width W direction of the projections 502
(as shown by the block arrow in FIG. 7B), i.e., the plane
defined by the normal direction of the substrate 504 and the
implantation direction is parallel to the width direction of the
projections 502. In this scenario, the interval distribution
represents a distribution of intervals between neighboring
projections 502 along the width direction of the projections
502. In some embodiments, the width direction of the
projections 502 corresponds to a word-line direction of the
wafer 500 and thus the interval distribution represents a
distribution of intervals between neighboring projections
502 along the word-line direction of the wafer 500.

FIGS. 8A and 8B schematically illustrate the effects of the
self-aligned ion implantation consistent with embodiments
of the disclosure by comparing with a situation in which no
such self-aligned ion implantation is performed. In FIGS.
8A and 8B, solid curves correspond to the dependence of V,,,
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or V,,, of a semiconductor device on the gate length L or the
gate width W thereof, which are similar to the curves shown
in FIGS. 3A and 3B. On the other hand, dashed curves in
FIGS. 8A and 8B correspond to the dependence of V,, or V,,
of a semiconductor device on the gate length L or the gate
width W thereof, which is manufactured using a method
consistent with embodiments of the disclosure. Similar to
FIGS. 3A and 3B, each curve in FIGS. 8A and 8B represents
four dependence relationships.

As shown in FIGS. 8A and 8B, the dependence curves are
more flattened for devices subjected to the manufacturing
process consistent with embodiments of the disclosure.
Therefore, with the manufacturing method consistent with
embodiments of the disclosure, even if process variations
cause dimension deviations, characteristics, e.g., electrical
characteristics, of the final semiconductor devices are rela-
tively more uniform across the wafer. That is, the distribu-
tion of V,;, or V,,, on a wafer becomes narrower, as indicated
by the dashed curve in FIG. 9. In FIG. 9, the solid curve
represents the distribution of V,, or V,, on a wafer not
subjected to the manufacturing process consistent with
embodiments of the disclosure, which is similar to the curve
shown in FIG. 4.

FIGS. 10A and 10B show simulated impurity distribu-
tions in a wafer after the self-aligned ion implantation
consistent with embodiments of the disclosure is performed.
In particular, FIG. 10A shows an area of the wafer corre-
sponding to the first area of the wafer 500 shown in FIGS.
5A and 6A, and FIG. 10B shows an area of the wafer
corresponding to the second area of the wafer 500 shown in
FIGS. 5B and 6B. In FIGS. 10A and 10B, the projections are
formed at the same pitch. The length of the projections in
FIG. 10A is 110 nm, and the length of the projections in FIG.
10B is 94 nm. Two tilted implantations (indicated by the
arrow lines in FIGS. 10A and 10B) are performed, one from
the left side and one from the right side, by implanting boron
ions at a dose of 3E13 atom/cm? and an implantation angle
of 35°. In the area shown in FIG. 10A, the ions are blocked
by the projections. On the other hand, in the area shown in
FIG. 10B, since the projections cannot completely block the
ions, the ions are implanted into the region of the substrate
between the projections and the impurity distribution in that
region is modified. It is noted, however, that even in FIG.
10A, some ions still enter the region of the substrate between
the projections. This is not due to ions being implanted into
that region, but because of, for example, the diffusion spread
of ions into that region after being implanted into the
projections.

FIGS. 11A and 11B show simulated electrical character-
istics, V,;, and V,,, respectively, of semiconductor devices
having different gate lengths. In FIGS. 11A and 11B, curves
with diamond points represent the results for semiconductor
devices not subjected to the self-aligned implantation con-
sistent with embodiments of the disclosure; curves with
square points represent the results for semiconductor devices
subjected to the self-aligned implantation at an implantation
angle of 35° and a dose of 3E13 atom/cm?; and curves with
triangle points represent the results for semiconductor
devices subjected to the self-aligned implantation at an
implantation angle of 35° and a dose of 5E13 atom/cm>. As
shown in FIGS. 11A and 11B, with the self-aligned implan-
tation consistent with embodiments of the disclosure, both
V,, and 'V, are more uniform among devices having differ-
ent dimensions, e.g., different gate lengths, i.e., both V,,
roll-off and V,, roll-off are suppressed.

FIGS. 12A and 12B schematically show a comparison
between a vertical doping profile in a projection, such as a
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gate structure, formed in a wafer subjected to a tilted ion
implantation consistent with embodiments of the disclosure
(FIG. 12A) and a vertical doping profile in a projection of a
wafer subjected to a vertical ion implantation (FIG. 12B).
The arrow lines represent directions of ion implantations. In
FIGS. 12A and 12B, letter “Y” in the horizontal axis of each
profile plot represents a vertical position in the projection.
The doping level is measured along the vertical dashed lines
shown in FIGS. 12A and 12B. As shown in FIG. 12A, for a
wafer subjected to a tilted ion implantation consistent with
embodiments of the disclosure, the implanted ions are
mainly contained in a region (the region with diagonal hatch
lines) of the projection close to a side face of the projection
that receives the implantation. In such a scenario, the
vertical doping profile in the projection is relatively flat. On
the other hand, as shown in FIG. 12B, for a wafer not
subjected to a tilted ion implantation but a vertical ion
implantation, the implanted ions are mainly contained in a
region (the region with diagonal hatch lines) “buried” in the
projection and horizontally across the projection from one
side face to another side face. The depth and width of the
“buried” region depend on, for example, the energy of the
implantation, the type of the implanted ions, and the material
of the projection. In such a scenario, the vertical doping
profile in the projection changes steeply. Thus, by measuring
the vertical doping profile in the projection of a device, one
may determine whether a tilted ion implantation consistent
with embodiments of the disclosure has been performed
during manufacturing of the device.

FIG. 13 schematically shows an exemplary device 1300
consistent with embodiments of the disclosure. The device
1300 is formed on a substrate 1301 by a method consistent
with embodiments of the disclosure, such as one of the
methods described above. In particular, during the fabrica-
tion of the device 1300, the substrate 1301 is subjected to the
tilted ion implantation consistent with embodiments of the
disclosure.

As shown in FIG. 13, the device 1300 includes intervals
1302, 1304, and 1306 formed between projections 1307,
1308, 1309, and 1310 formed on the substrate 1301. In some
embodiments, the projections 1307, 1308, 1309, and 1310
have approximately the same heights, and the intervals
1302, 1304, and 1306 are different from each other. The
intervals 1302, 1304, and 1306 correspond to regions 1312,
1314, and 1316, respectively, formed in the substrate 1301
and between neighboring ones of the projections 1307,
1308, 1309, and 1310.

For example and without limitation, in FIG. 13, the
interval 1302 is larger than the interval 1304, which is in turn
larger than the interval 1306. Thus, a width of the region
1312 is larger than a width of the region 1314, which is in
turn larger than a width of the region 1316. As a result of the
tilted ion implantation, the region 1312 corresponding to the
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interval 1302 has a highest doping level, the region 1314
corresponding to the interval 1304 has a medium doping
level, and the region 1316 corresponding to the interval 1306
has a lowest doping level. As one of ordinary skill in the art
will now recognize, if a tilted ion implantation consistent
with embodiments of the disclosure is not performed, i.e.,
either no ion implantation is performed or a vertical ion
implantation is performed, the doping levels in the regions
1312, 1314, and 1316 would be approximately the same as
each other.

Other embodiments of the disclosure will be apparent to
those skilled in the art from consideration of the specifica-
tion and practice of the invention disclosed herein. It is
intended that the specification and examples be considered
as exempla only, with a true scope and spirit of the invention
being indicated by the following claims.

What is claimed is:

1. A semiconductor device comprising:

a substrate;

a plurality of projections formed on the substrate, the
projections projecting upward from a surface of the
substrate, the projections being arranged at a same
pitch, and intervals between neighboring projections
being different from each other; and

a plurality of doped regions formed in the substrate and
between the projections, the doped regions correspond-
ing to the intervals and having different doping levels.

2. The semiconductor device of claim 1, wherein the
doping levels in the doped regions are proportional to the
intervals.

3. The semiconductor device of claim 1, wherein the
projections have approximately same heights.

4. The semiconductor device of claim 1, wherein the
projections include gate structures of transistors.

5. The semiconductor device of claim 1, wherein the
projections belong to a patterned layer.

6. The semiconductor device of claim 5, wherein the
patterned layer includes a patterned layer of a single mate-
rial.

7. The semiconductor device of claim 5, wherein the
patterned layer includes a patterned layer of stacked mate-
rials.

8. The semiconductor device of claim 1, wherein the
projections are arranged along a word-line direction of the
device.

9. The semiconductor device of claim 1, wherein the
projections are arranged along a bit-line direction of the
device.

10. The semiconductor device of claim 1, wherein the
doped regions are doped with at least one of arsenic ions,
boron ions, indium ions, antimony ions, nitrogen ions,
germanium ions, carbon ions, or phosphorus ions.
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